In order to determine the overall molecular heterogeneity of echoviruses (EVs) we performed a genetic analysis of the prototype strains. Nucleotide and derived amino acid sequences from different genomic regions (5'UTR, capsid protein-coding and 3D polymerase genes) were used for molecular comparisons. On the basis of a comparison of partial amino acid sequences from the capsid protein VP2, all the sequenced EVs excluding EV22 and EV23 form a single cluster which is genetically homogeneous. All previously sequenced coxsackie B viruses (CBVs) and coxsackievirus A9 also belong to this same genetic cluster. Similar results were obtained when the 5'UTR or 3D polymerase gene sequences were used in comparisons. When amino acid sequences of the major capsid proteins of EV1 and EV16 were compared to those of previously sequenced enteroviruses, the length of the loops connecting the flsheets appeared to be relatively constant in the EV/CBV cluster. It can be concluded that EVs and CBVs have diverged relatively late in evolution.
Introduction
Human enteroviruses in the picornavirus family are subgrouped into polioviruses (PV), coxsackie A viruses (CAV), coxsackie B viruses (CBV), echoviruses (EV) and enteroviruses 68-71. EVs, of which there are 31 serotypes, were first identified as viruses that replicated only in cell cultures, in contrast to polioviruses which infect monkeys and coxsackieviruses which cause disease in newborn mice. Because of this and the fact that it was at that time uncertain whether EVs cause human disease, they were called 'Enteric Cytopathogenic Human Orphan' viruses (Committee on the ECHO viruses, 1955) . It is now known that EVs are common human pathogens responsible for several clinical manifestations including meningitis, encephalitis, exanthemas and neonatal sepsislike disease (Grist et al., 1978) .
Previous hybridization and sequence analysis has shown that the echovirus group includes atypical serotypes. EV22 and EV23 are genetically and biologically distinct from other enteroviruses and represent * Author for correspondence. Fax + 358 21 6337000. e-mail pasi.huttunen@utu.fi
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an independent picornavirus group (Auvinen & H~3~ifi, 1990; Coller et al., 1990; Hyypi/i et al., 1992; . There is also evidence that some EVs are closely related to CBVs (Young, 1973; Hyypi/i et al., 1984 Hyypi/i et al., , 1987 Werner et al., 1986; Auvinen et al., 1989; Auvinen & Hyypi~, 1990) . The recently sequenced E¥11 was shown to be genetically related to CBVs and CAV9 (Dahllund et al., 1995) .
EVs exhibit considerable variation in their neutralizing epitopes with more than 30 serotypes compared to, for example, the three poliovirus serotypes. To examine the genetic diversity and molecular characteristics of EVs, sequence analysis of prototype viruses was performed on sequences from three different genomic regions (5'UTR, VP2 and 3D). In addition, the whole capsid proteincoding region of echovirus 16 was sequenced and analysed.
Methods
Viruses. Echoviruses studied in this work were prototype strains supplied either by the ATCC or the WHO Collaborating Enterovirus Centre (Copenhagen, Denmark). The strains included: EV1 (Farouk), EV2 (Cornelis), EV3 (Morrisey), EV4 (Pesascek), EV5 (Noyce), EV6 (D'Amori), EV6" (Burgess), EV7 (Wallace), EV8 (Bryson and Hall), EVI2 (Travis), EV13 (Del Cm'men), EV14 (Tow), EV15 [Charleston]), EV16 (Harrington), EV17 (CHHE-29), EV18 (Metcalf), EV19 (Burke), EV20 (JV-1), EV21 (Farina), EV24 (DeCamp), EV25 (JV-4), EV26 (Coronel), EV27 (Bacon), EV29 (JV-10), EV30 (Bastianni), EV31 (CaldweU), EV32 (PR 10) and EV33 (Toluca-3 Dahllund et al. (1995) .
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reference strains were stored at -70 °C and used directly from the stock in RT-PCR and subsequent sequence analysis.
Oligonucleotide primers. Selection of primers for RT-PCR and amplicon sequencing was based on previously published conserved sequences in the 5'UTR, and the VP2, 2A, 2C and 3D gene regions. Sequences of the primers and their location in the EVll genome are shown in Table 1 .
RNA isolation and RTPCR. RNA was isolated using the Ultraspec RNA isolation system (Biotecx Laboratories) from approximately 150 btl of the original virus stock. The cDNA reaction mixture contained the RNA pellet, RT buffer (Promega), dNTP mixture (0.5 mM of each nucleotide; Pharmacia), 15 U of RNase inhibitor (rRNasin; Promega), 40 U of MMLV reverse transcriptase (Promega) and 100 pmol of the appropriate primer in a total volume of 40 lal. The reactions were incubated at 37 °C for 30 min followed by 10 min at 95 °C. cDNA product (5 gl) was added to PCR mixture (final volume 100 gl) containing PCR buffer (Finnzymes), dNTPs (0-2 mM of each nucleotide), 1U of Taq polymerase (Finnzymes) and 100 pmol of primers 1+/4--, 3+/5-or 3D+/3D-. A total of 40 cycles of amplification was performed in a DNA Thermal Cycler (Perkin-Ehner Cetus). Incubation temperatures and times were 95 °C/2min, 55 °C/2 min and 72 °C/4 min. The reaction products were analysed by electrophoresis in ethidium bromide-stained 1% agarose gels.
Molecular cloning.
To determine the nucleotide sequence of the capsid protein VP2 of EV1, two PCR amplicons generated by using the 3+/5-and 5+/2C1 primers were cloned in the pGEM-T vector (Promega). For sequencing, the capsid protein-coding genes of EV16 were amplified by PCR using the 4+/2A1 primers. The resulting PCR product of about 4 kb was cloned in the pGEM-T vector.
Sequence analysis. The sequence of the capsid protein-coding region of EV 16 was determined using universal reverse primer after generation of nested deletions by the ExoIII method (Henikoff, 1984) . The sequence coding for the EV1 VP2 capsid protein gene was obtained from the two cDNA clones using universal and EVl-specific primers (Table 1 ) and the region between the two cDNA clones was sequenced directly from a PCR fragment, Prior to sequence analysis, PCR products were run in agarose gels, the DNA band of expected size was excised, and the DNA was eluted using the Qiaex gel extraction kit (Qiagen). Purified PCR products were used directly as templates in dideoxy sequencing reactions (Sequenase version 2.0; USB). The reaction products were run in 5 % denaturing PAGE and the results were visualized by autoradiography on an X-ray film.
Sequence comparisons were made using UWGCG programs (Devereux et al., 1984) . Previously published enterovirus sequences used in the comparisons were obtained from GenBank.
Results

5'UTR
Approximately 630 bases were sequenced from the 5'UTR of six echovirus serotypes (EV1-5 and EVS). Serotypes 1 and 8 were selected for the study because they have been suggested to be closely related, and because they share the same cellular receptor ( (Fig. 1) . Fig. 1 . Alignment of the partial nucleotide sequences of the 5'UTR. Numbering is according to PV3/Leon (Stanway et al., 1984) . EV serotypes sequenced during this work are in bold type. Sequences participating in the formation of secondary structure stem-loops (model by Skinner et al., 1989) , the site of the oligopyrimidine tract (OPT) and the hypervariable region are indicated below-the PV3 sequence. Initiation codons of polyprotein translation are shown in bold type. N indicates ambiguity in sequencing. cluster from 74-85% when these 630 nucleotides are analysed. Despite their other biological similarities, EV1 (Farouk) and EV8 (Bryson) do not seem to be particularly closely related in molecular terms (nucleotide identity 83 %).
Capsid protein-coding region
Sequences coding for the capsid proteins of EV16 (2586 nucleotides) and for the VP2 capsid protein of EV1 (783 nucleotides) were determined. EV16 was chosen for a more detailed sequence analysis because in previous hybridization studies it appeared to differ from typical echoviruses (Auvinen & Hyypi~, 1990; Dahllund et al., 1995) . An alignment of the two major capsid proteins (VP 1 and VP2) and the positions of the known structural elements in PV1 (Hogle et al., 1985) are shown in Fig. 3 . Alignment of the capsid proteins reveals essentially identical apparent deletions in EVs, CBVs and CAV9 when compared to PV1. In the DE-loop (the region connecting the D and E fl-sheets) of VP1, there is a two amino acid insertion. In general, the differences are located in the loop structures which are known to be the major antigenic determinants in polioviruses (Minor, 1990) . The carboxy terminus of VP1 exhibits considerable variability in length and sequence.
Dendrograms generated on the basis of the predicted amino acid sequences are shown in Fig. 4 . Although more distantly related to the other members of the cluster as expected from previous hybridization analyses (Auvinen & Hyypi~, 1990; Dahllund et al., 1995) , EV16 clearly belongs to the same genetic group as EV11, EV12, CAV9 and CBVs. EV1 is also a typical member of the EV/CBV cluster, at least in the VP2 region. Amino acid similarities within the EV/CBV cluster exceed 77%, 83 % and 83 % while the amino acid identities are more than 66%, 74% and 72% in the VP1, VP2 and VP3 regions, respectively.
In a dendrogram generated from the 5'UTR sequences human enteroviruses group in two clusters as illustrated in Fig. 2 . This division is in accordance with previous molecular and phylogenetic analysis (P6yry et al.,1994; Dahllund et al., 1995; Pulli et al., 1995;  T. P6yry, L. Kinnunen, T. Hyypi~, B. Brown, C. Horsnell, T. Hovi & G. Stanway, unpublished results) . Polioviruses together with CAV21, CAV24 and enterovirus 70 form one cluster while CBVs, CAV9, CAV16, all the echoviruses sequenced in this work as well as EV11 and EV12 form another cluster. Nucleotide identity inside the EV/CBV cluster ranges from 81-94% and inside the poliovirus
Partial sequence comparison of VP2
A 150 nucleotide long region was sequenced from the capsid protein-coding region of all the echovirus reference strains which had not been examined earlier.
Accurate sequence was not obtained from serotypes 4, 7 and 25. The region sequenced codes for the VP2 amino terminus, which is in the interior of the virus particle (Hogte et at., 1985) . There is no immunological selection pressure and it is therefore understandable that the amino acid sequence is relatively conserved. Alignments 
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1 50 i00 According to previous molecular comparisons, human enteroviruses segregate into four molecular clusters when the capsid protein sequences are used in the analysis (P6yry et al., 1994; Dahllund et al., 1995; Pulli et al., 1995) . They have been called CAV16-1ike (cluster A), CBV-like (B), PV-like (C) and enterovirus 70-like (D). All the sequenced echovirus serotypes (with the exception of EV22 and 23; see above) seem to belong to the same cluster (B) with CBVs and CAV9 when the partial VP2 sequences are used in comparison, as is clearly illustrated in Fig. 6 . Amino acid similarity inside this cluster varies from 86-100 % and EV13 seems to be the most aberrant echovirus. The amino acid sequences of EV6 and EV6" are virtually identical (nucleotide identity 99%). As mentioned earlier, EV1 and EV8 share receptor specificity (Bergelson et al., 1993) and have been classified as a single serotype (Murphy et al., 1995) . However, EV1 (Farouk) and EV8 (Bryson and Hall) strains, although located in the same cluster, do not exhibit more similarity (96 % at the amino acid level) with each other than with other members of the cluster. The two different EV8 strains have an identical amino acid sequence in the region sequenced while the nucleotide identity is 95 %.
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3D region
Because of its functional significance, the RNA-dependent RNA-polymerase is universally conserved in positive strand RNA viruses (Koonin & Dolja, 1993) . To determine whether clustering based on RNA polymerase sequences differs from that of the capsid protein region, a 360 nucleotide long sequence from the 3D gene was studied. Six serotypes (EV7, 12, 19, 25 and 27) were selected for the analysis.
In the alignment of this region (data not shown), 48 % of amino acids are identical in all the viruses. Among the conserved sequences is the YGDD motif, which is thought to be functionally important and similar to the YXDD sequence found in a wide range of other RNA virus polymerases (Kamer & Argos, 1984) . In a dendrogram generated on the basis of the partial 3D polymerase amino acid sequences (Fig. 7) , human enteroviruses divide into exactly the same four clusters as in the capsid protein-coding region (P6yry et al., 1994; Dahllund et al., 1995) . All the sequenced echoviruses fall into the same cluster together with CBVs and CAV9, as already seen in the VP2 region (Fig. 6) . Amino acid similarity within the EV/CBV cluster exceeds 97 %, presumably due to the functional importance of this protein.
Discussion
Echoviruses were discovered when refinement of tissue culture methods and expansion of their use in the field of virology occurred in the 1950s. Until then, this virus group had been unknown because echoviruses are not pathogenic for laboratory animals. In 1955, a cooperative study by Melnick, Sabin and Hammon resulted in the differentiation of 13 antigenically distinct serotypes (Committee on the ECHO viruses, 1955) . At present, 31 distinct serotypes (and EV34 which is a variant of CAV24) form the group called echoviruses.
In spite of their importance as causative agents of human disease, relatively little is known about the molecular characteristics of EVs. However, the genomic sequence of EV22 (Hyypih et al., 1992) revealed that this serotype, together with EV23 , are atypical enteroviruses. The recently sequenced EV9 [H. Zimmermann, H.J. Eggers & B. Nelsen-Salz, unpublished data (EMBL database accession no. X84981)], EVll (Dahllund et al., 1995) and EV12 (Kraus et aI., 1995) made it possible to get an idea of the molecular characteristics of the major echovirus group. In order to determine the overall heterogeneity of the EV subgroup we carried out a molecular analysis of the prototype viruses. This was done by partial sequencing of the VP2 capsid protein-coding region. In addition, the 5'UTR of six serotypes and the 3D region of another five serotypes were chosen for partial sequence analysis. To get a more detailed picture on the variation of the capsid proteins we also sequenced and analysed the whole capsid proteincoding region of EV16 and the VP2 capsid proteincoding region of EV1.
The 5'UTR of the picornavirus genome contains a high degree of conserved secondary structure (Rivera et al., 1988) . These structures are thought to be important in the cap-independent initiation of translation, and in replication (Pilipenko et al., 1989; Skinner et al., 1989; Andino et al., 1990 Andino et al., , 1993 . The region required for initiation of translation is called the IRES (internal ribosomal entry site) and it extends from stem-loop III to stem-loop VI (Pelletier et al., 1988; Nicholson et al., 1991) . Several studies have shown that mutations throughout this region have suppressive effects on translation and therefore it is understandable that the sequences participating in the formation of the stem-loop structures are conserved. These conserved nucleotide sequences are also seen in the genomes of EV1-5 and EV8. Nucleotide differences seen in the sequences that form the stem-loop structures are mainly compensatory substitutions which maintain secondary structures.
An oligopyrimidine tract, which is a crucial element in the efficient initiation of translation (Pestova et al., 1991) , is located between stem-loops VI and VII (Fig. 1) . It was recently reported by Romero & Rotbart (1995) that echovirus serotypes which frequently cause infections of the central nervous system (CNS) have the oligopyrimidine tract sequence 5' TTTCCTTTT 3' and less neurovirulent serotypes exhibit variations in this sequence. This is only partially in accordance with our data, because, for example, the less neurovirulent EV1 also possesses this sequence and the relatively neurovirulent EV5 (CNS involvement in 51% of isolation positive cases; Grist et al., 1978) has the sequence 5' TTTCCATTT 3'. There may, however, be variation between individual strains among serotypes. The three-dimensional structure of PV 1 is known from X-ray crystallographic data (Hogle et al., 1985) . The major capsid proteins (VPI-3) of all enteroviruses share a similar eight-stranded antiparallel fl-barrel core structure because the predicted fl-sheet regions are highly conserved (Fig. 3) . In polioviruses, the most important antigenic sites are known to be located in the loops connecting the fl-sheets (Minor, 1990) . In the alignment of VP1 and VP2 capsid proteins (Fig. 3) viruses within the EV/CBV cluster exhibit amino acid variation in the loops but the length of the loop areas seems to be fairly constant in all the sequenced EVs, CBVs and CAV9. This suggests that antigenic heterogeneity occurs primarily as point mutations and thus generates new serotypes of the same ancestor virus during evolution. On the basis of currently available information it is not clear what is the exact molecular basis of the remarkable antigenic heterogeneity occurring in the EV/CBV cluster. During the past few years, several enterovirus receptors have been identified. It has been shown that the ~d~l integrin (VLA-2) is a cellular receptor for EV1 and EV8, but not for other EVs (Bergelson et al., 1992 (Bergelson et al., , 1993 . In addition, it has been reported that several EVs interact with the decay accelerating factor (DAF; CD55; Bergelson et al., 1994; Ward et al., 1994) . At least six EV serotypes (6, 7, 11, 12, 20 and 21) seem to use DAF as their receptor (Bergelson et al., 1994) . Coxsackieviruses B1, B3 and B5 also use DAF for cell attachment (Shafren et al., 1995) . Our data cast some new light on the molecular characteristics of CBVs and EVs revealing considerable conservation in primary sequences. The viruses sharing DAF specificity clearly belong to the same cluster. Since EV1, which utilizes VLA-2 on the cell surface, and CBV4, which recognizes a currently unidentified receptor, belong to the same genetic group, relatively short primary sequences and conformational determinants are evidently essential in virus-receptor interactions.
Like CAV9, E V l l and EV12, EV16 also has an apparent insertion at the carboxy terminus of the VP1 polypeptide when compared to CBVs. In the case of at least CAV9, this insertion plays a role in receptor interaction in some cell lines (Roivainen el al., 1994) . To get an idea about potential cell surface interactions of EV16, we searched in the SwissProt database for protein sequences similar to that of the insertion (VPQVEHN-LRTA). Two different protein motifs with moderate homology to the EVI6 insertion were found. These motifs may have some relevance in virus-cell interactions.
(1) Duffy receptor in the parasite Plasmodium, a protein that binds to human erythrocyte duffy blood group determinant, has a peptide sequence V E N N L R (Adams et al., 1990) . It is therefore possible that EV16 can utilize the V E H N L R motif for haemagglutination.
(2) Peptide sequence V Q R G E H S L R of collagen c~ 1 (VII) chain also shows homology with the EV16 insertion, and it is possible that EV16 is able to bind to a protein that interacts with type VII collagen. These observations need further biological studies.
According to the World Health Organization data collected during 1967-74 (Grist et aL, 1978) , the three most neurovirulent EV serotypes are 4, 9 and 30 (69-83 % of the isolation positive cases exhibit CNS involvement). When the partial sequences of these serotypes are compared in molecular terms, they do not seem to be particularly related to each other. Similarly, serotypes that relatively frequently cause respiratory infections (EV1 and EV13) or serotypes which tend to cause gastrointestinal symptoms (EV1, 12 and 14) are not, according to our data, genetically very closely related. Therefore it seems likely that the pathogenicity and tissue tropism of echoviruses are complex affairs, probably controlled by several viral, host and environmental factors.
Based on the data presented here, some conclusions can be made concerning the evolution of enteroviruses. Firstly, it seems obvious that the great majority of EVs, CBVs and also CAV9 have diverged from each other relatively late in evolution. Certainly, there are some antigenic epitopes where the immunological response of the host has had an effect in favour of mutations. Although there are more than 30 distinct echovirus serotypes, the overall genetic coherency has been preserved in the course of evolution. Secondly, according to sequence analysis of the capsid protein coding-region, echoviruses fall into one of the four genetic clusters.
However, molecular comparisons based on the 5 ' U T R sequences result in segregation of the 5 ' U T R into two clusters. One explanation for this could be that evolution of the 5 ' U T R may be more controlled by the cellular environment where the virus multiplies and that this causes the 5 ' U T R to evolve more slowly than the rest of the genome (T. P6yry, L. Kinnunen, T. Hyypifi, B. Brown, C. Horsnell, T. Hovi & G. Stanway, unpublished results) . The sequences determined in this work together with previously published sequence data and recent work carried out on CAVs in our laboratory now cover virtually all the representatives of enterovirus prototypes enabling detailed epidemiological and diagnostic approaches at the molecular level in the future.
